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Inv. Disci. Docket No: V203-0268 

Creation Date: 5/1/03 

Approval to submit was given by: PWEINDOR: 01 -MAY-03 

Section 1: INVENTION DESCRIPTION 

Title of Invention: OLED LUMINANCE DEGRADATION 

REDUCTION THERMAL FEEDBACK METHOD 

Patent Evaluation $VTM 
Committee: 

CPSC Code: 15.00.00 

Originating Country US 
Code: 

Related Di8closure(8): 199-1910 



Section 2: PROBLEM & SOLUTION 

Description or Comments: OLED displays are not typically used in automotive 

applications due to severe luminance reduction as a 
result of high temperature exposure. This patent 
outlines a thermal feedback method to reduce the 
OLED drive as a function of temperatiire thereby 
minimizing OLED Ixmiinance degradation. The 
attachment mathmatically outlines the problem and 
presents the improvements that can be expected 
utilizing the patent method. 

Attachment: See Section:9 ATTACHMENTS 



Section 3: PRIOR ART 

Description or Cominents: OLED companies are pursuing higher temperature 

materials. However, since the luminance degradation 
always increases exponentially with temperature, the 
thermal feedback method will afford operational 
improvements even with the new materials. 

Atiacbment: See Section:9 ATTACHMENTS 
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Descriptton or Comments: TTie attachment describes 'J!^^^^^ 

reducing the luminance as a function oi ULbU 
temperature to decrease the amount of luminance 
degradation. 

Attachment: See Section:9 ATTACHMENTS 
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Automotive OLED Life Prediction Method 



Background: Currently there is a lot of industry buzz surrounding the use of OLED displays 
and their purported benefits. However, in contrast to light valve technologies that do not suffer 
from differential aging, emissive technologies must be carefully analyzed and used to ensure that 
the lifetime expectations are met. In general light valve technologies such as liquid crystal, 
interferometric modulator, LCOS, micro-mirror, and electrophoretic displays depend on a 
general light source that decays over time. However these light valve displays do not suffer 
appreciably from differential aging whereby portions of the display used more frequently emit or 
reflect a lower luminance than portions used less frequently. On the other hand, emissive 
technologies such as CRT, VF, FED, Plasma, EL and OLED displays all suffer from the 
differential aging phenomena and thus requiring screen saver fimctions if the same data is 
displayed for long periods of time. For CRT phosphors, this was studied extensively by Bell 
Labs and it was determined that phosphors decay as a function of total electron accumulation on 
the phosphor and not as a function of the total electron energy. This of course led to the use of 
higher anode voltages because more life could be obtained from the phosphor at the same 
luminance levels. This same phenomena also led to higher vohages in VF and FED displays. 
Although OLEDs have many benefits, its Achilles heel is aging which is accelerated 
substantially at elevated temperatures commonly associated with automotive environments. By 
developing an analysis method to predict and understand the amount of aging, methods may be 
developed which can successfiilly use this display technology. Some of the items to consider 
are: 

• Running pixilated display in the reverse mode during day (i.e. information is not lit, 
background is lit) and running in normal mode at night. This will actually be a more 
readable display for both applications and help reduce the differential aging. 

• Use automatic light sensing control hardware and algorithm to control the display 
luminance during daytime operation. This will provide significant reduction in expended 
life. 

• Measure the temperature of the display and limit the display luminance as a fiinction of 
temperature. 

• Utilize some type of special dithering program where in the data is dithered in a Gaussian 
manner. 

Analysis: 

I could not find much published data on OLED luminance degradation as a function of 
temperature and luminance, so this analysis uses some data provided to me by OSRAM and 
TDK. As more data is obtained, it will be incorporated. 

LO Luminance Decay Time Function 

Asa result of life time testing performed by OSRAM on their yellow material, plots L 1 , L2 and 
L3 were obtained at various temperatures. 





Plot 1 .2 70C Osram Yellow OLED 




What is important to note from these plots is that the luminance decay is approximately linear 
until about V^ luminance degradation. This is important because it means that the luminance 
consumption is additive in nature. This greatly simplifies the mathematics required since it 
implies that the consumption at various temperatures can be added to find out the total luminance 
degradation. 

The next step is to obtain a formula for the consumption rate at each temperature. Accordingly, 
OSRAM has plotted the 10% luminance degradation curve (Plot 1.4) and has shown it is 
approximately linear on a log scale as a fijnction of 1/T, where T is the temperature in Kelvin, 




Plot 1.4 10% Luminance Decay as a Function of 1/Tkelvin 

By noting the logarithmic relationship, one can determine that the equation for the function to be 
of the form as shown in Equation 1.1. What is important to note is that the decay time decreases 
more than exponentially as the temperature increases. 



Hours.^o^^K^e"'^"^^ (Eq 1.1) 

Since the decay rate at each temperature is approximately linear to Vi luminance, any decay point 
down to -50% could be used. Solving for constants Kj and K2 in Equation 1. 1 is shown in 
Equations 1 .2 through 1.11). 

600 = K,e'''^°^'^ for T=50°C+273°C (Eq 1.2) 

60 = A:,e'''<°~""^ for T=80°C+273°C (Eq 1.3) 

600 _ 60 

^A:,(0.0031) ~ ^*r,(0.00283) 



(Eq 1.4) 



600 
60 

600 
60 



. g;f,(o.oo3i)-jc,(o.oo2«3) (Eq 1.5) 

gir,(o.oo3i-o.oo283) (Eql.6) 



In(10) = A'2 (2.7x10^) 



= 8.53/: 



=1.968x10 



-9 



^-jo« =1. 968x1 0"'e 



8,53*: 



0/r) 



(Eq 1.7) 
(Eq 1.8) 
(Eq 1.9) 
(Eq 1.10) 

(Eql.ll) 



A plot of Equation 1.11 is shown in Plot 1.5 and is in close agreement with Plot 1 .4. 



10% Lum inance Decay 
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Plot 1.5 OSRAM Yellow Luminance Decay 
Equation 1.1 1 can now be used in section 2.0 to determine a general method to determine OLED 
luminance degradation for various automotive user profiles. 



2.0 Life Model Equation 

As discussed earlier, since the consumption rate is linear at each temperature, integration 
techniques can be utilized since Equation 1.11 provides the consumption rate as a function of 
temperature. 



Nits 

ConsumptionRate = CR = (Eq 2. 1 ) 

Hour 



Note that the meaning of Equation 2. 1 is that the Nits used up is the Nits at room temperature at 
normal drive. Next the consumption rate formula can be determined by noting that the definition 
of Equation 1.11 is where the luminance falls by 10%. 

where 

Li+ Initial Luminance 

T is the temperature in Kelvin 

Next it is assumed that temperature changes in the automotive environment change in an 
exponential manner. For instance when a user enters the automobile after it has been cooking in 
the sun, the temperature will generally decrease to a comfortable room ambient assuming the air 
conditioning is functioning. The temperature function can therefore be modeled per Equation 
2.3. 

T = T^'^Me-''' (Eq2.3) 
where 

Ti is the initial temperature 
T2 is the final temperature 

AT=Ti - T2 

T = time constant 

Substituting Equation 2.3 into Equation 2.2 yields Equation 2.4. 

CR = ^^i^ J (Eq2.4) 

B.53Ki -7-) 

1.968xl0-'e 

Next the consumption rate can be integrated over time to yield the total luminance consumption 
for a hot start as outlined in Equation 2.5. 

Lu min ance _ Decrease -LD= t ^\ r- dt (Eq 2. 5) 

1,968x10-^ 



As an example, choose T2=85°C and Ti=25''C. Also substitute 250 Nits for Lj. 



1 

LD = j 



25 



8.53/rf !■ 

°1.968;cl0-'e 



dt 



(Eq 2.6) 



Note that a time constant of T=20minutes=0. IShours was chosen. Equation 2.6 is a difficuU 
integral to perform. When the function to be integrated is plotted per Plot 2.1, a function which 
appears to be approximately exponential in nature is revealed. 




Plot 2.1 Consumption Rate Function for an SS^'C Hot Start 
Since an exponential function is much easier to deal with, an approach that tries to curve fit an 
exponential function will be utilized. The first thing to do is to determine the initial and final 
values per Equations 2.7 and 2.8. 



Att=0 
CR = - 



250(0.1) 



1.968jcl0"^e 



f— 1 

K79H60J 



= 0.570 



Nits 
Hour 



(Eq2.7) 



Att=oo 



CR = 



250(0.1) 



1. 968x1 0''e 



8.53JC 



(298) 



= 0.0047 



Nits 
Hour 



(Eq 2.8) 



Note that the difference between the results for Equation 2.7 and 2.8 is 0.5653. 
Therefore one can now develop the curve fit function per Equation 2.8. 

C/? = 0.0047 + 0.5653e''^°*' 

Plot 2.2 shows Equation 2.9 against the original function per Equation 2.4. 



(Eq2.9) 
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Plot 2.2 Original CR versus New Curve Fit CR for 80°C OSRAM Yellow 
Using the simpler exponential Equation 2.9 in the integral of Equation 2.6 yields Equation 2.10. 



LD = Jo.0047 + 0.5653e'^°°^' dt = 0.0047/ + ^T^T \ 
0 \ /0.045/ 



0.5653e •^<«5 



= 0.0047/ + 



O.SeSSe'^^'^^ 0.5653 

(-1/ ) "FT— 1 

V /0.045/ V /0.045/. 



LD = 0.0047/ + (0.5653X0.045) 



1 _ j = 0.0047/ + 0.02544|^1 - e'^*'^ j (gq 2. 10) 



From observation of Equation 2.10, when t»0.045hours (2.7minutes), 0.02544 Nits of 
luminance decrease will occur. In other words, each hot start uses 25.44niNits up and the 
nominal room temperature operational luminance will be this amount lower. The .0047t term 
shows that for each hour of operation at room'temperature, the luminance will decrease by 
4.7mNits. 

To see what happens as the temperature is decreased, let's see what happens when the hot start 
temperature is +50°C. Modifying Equation 2.4 for 50°C yields Equation 2.11. 



CR = 



250(0.1) 



1. 968x1 0-^e 



\m*25e^"J 



(Eq2.11) 



At t=0, 
CR = - 



25 



1.968xl0-'e 



i.53K\ 



i. 298-1-25 J 



= 0.043129 



Nits 
Hour 



(Eq 2.12) 



At t=oo, the CR=0.0047 and is the same as the last case. Therefore, the +50*'C case equation is 
per Equation 2.13. 



C/? = 0.0047 + 0.038429e 



(Eq 2.13) 



However in evaluating the time constant. Plot 2,3 shows that a time constant of 0.08 is a better 
choice for +50°C than the time constant of 0.045 used for the +85°C case. Integrating Equation 
2. 13 yields the results of Equation 2. 14. 



r 0 038429e"^°' 

LD = j0.0047 + 0.038429c /o°»rf/ = 0.0047/ + " 



V /0.08/ 



= 0.0047/ + 



0.038429e";^''^ 0.038429 
FXos) t~%.08) 



LD = 0.0047/ + (0.038429)(0.08)|^1 - e"^"" j = 0.0047/ + 0.00307|^1 - e'^"' j (Eq 2. 14) 



From the results of Equation 2.14, it can be observed that the extra luminance consumption of 
0.00307 Nits due to the 50°C hot start is much less than the 0.02544 Nits consumed by an 85°C 
hot start. Once again note that the consumption rate of 0.0047 Nits/Hour is for 25°C operation. 



0.05 




Plot 2.3 Original CR versus New Curve Fit CR with 0.08 Time Constant 



3.0 Luminance Drive Life Function 

To account for various OLED drive levels the equations developed so far must be modified. Per 
Homer Antoniadis at OSRAM, 

"As you possibly know the lifetime of our OLED devices is inversely proportional to the 
luminance level under test. For instance if a display has a half-life of 10,000 hours for the 
corresponding luminance of 100 nits then it is expected to have a half-life of 1,000 hours if tested 
under 1000 nits conditions. Furthermore the lifetime is expected to be about 100,000 hours if 
tested under 10 nits conditions. We expect this relation to hold under different temperatures." 
To add this drive relationship to the equations developed so far, the consumption rate formulas 
are simply modified by multiplying the equations by the factor Lop/Lw where Lop is the operating 



luminance and Ln is the normal operating luminance under which the devices were tested. Since 
the integral of a constant times a fiinction is the constant times the integral, the luminance 
decrease formulas can simply be multiplied. Therefore the new equations for luminance 
decrease (LD) are as follows. 



0.0047/ + (0.038429)(0.08) 



08 



LD^sc = —{0.0047/ + (0. 5653)(0,045)ri - e'^^^ 



■"OP 



0.0047/ + 0.00307[^1 - e"'^*'^ | 
(Eq3.1) 

"%.045 



0.0047/ 4- 0.02544 



(Eq3.2) 



4.0 Automotive Life Example 

An estimate of how the OSRAM Yellow OLED material will decrease in luminance in a worst 
case scenario such as Phoenix, Arizona is determined as follows using Equations 3.1 and 3.2. 
Assuming lOyears at 15Kmi/year (ISOKmi total) and an average speed of 30mi/hr, the total 
number of operational hours is determined per Equation 4.1. 

HOURS^,^„osAL = 3^^^^^ = 5000/,o«r5 (Eq 4. 1) 

/hour 

Assume V2 time night and V2 time day driving. 
Assume Vi summer and Vi winter driving scenario. 

Assume 2 hot starts per day during summer (car is soaking in the sun and display is at 85°C 
(185°F) including sun load). 

Therefore assuming 2 hot starts/day during summer days, 

lOyears x 365days x —summer x 2hot _ starts j day - 3650hot _ starts (Eq 4.2) 

2 

Assuming 85°C hot starts, using Equation 3.2, each hot start will consume 25.44mNit of life. 
/. 3650hot ^starts x 25 AAmNits = 92.8M/5 (Eq 4,3) 

Equation 4.3 predicts that the OLED luminance will decrease by 92.8 Nits due to 85°C hot starts. 
Note that it is assumed that Lop=Ln for day time operation. 

The total operating time at 25°C during full 240 Nit daytime luminance is Y2 x 5000 hours = 
2500 hours. Note that once again Lop/Lw = 1 for full luminance day time operation. 

/. ISOOhours X 0.0047 Nits/ hour = 1 1 JSNits (Eq 4.4) 



Assume 40 Nits for night time operation at 25°C for 2500 hours. 



40 Nits 

ISQOhours x 0.0047 Nits/ hour x = 1 .95Nits 

240M75 



(Eq4.5) 



Therefore in summary 



Condition 


Luminance Decrease 


3650 +85°C Hot Starts 


92.8 Nits 


2500 hours @ 240 Nit Day Time Operation 


1L75 Nits 


2500 hours @ 40 Nit Night Time Operation 


1.95 Nits 


Total Luminance Decrease @ End of Life 


1 06. 5 Nits (44% decrease) 



One can see from this analysis that most of the damage is caused due to the short time the OLED 
is operated in a hot condition until the temperature is brought back to a liveable condition either 
by air conditioning or windows open. This amount of decrease would be extremely annoying on 
a matrix display, and is marginal at best on a segmented display. 



S.O Temperature Compensation Versus Automatic Luminance Compensation 
Ahhough automatic light sensing has been considered to decrease the amount of luminance loss, 
from the analysis it is clear that the major loss is not due to normal operation, but rather for the 
few minutes at initial hot temperature start. This is due to the exponential nature of the loss as 
the temperature increases. Therefore a better strategy may be to decrease the luminance as a 
function of temperature. As an example of temperature compensation, assume that the display 
luminance is decreased linearly from fiill luminance at 25°C to 50% of full luminance at 85°C 
(note other non linear schemes may be better). Therefore we want to start at normal luminance, 
Ln, at 298°K and decrease to O.SxLn at 358°K (85°C). 
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Figure 5.1 Temperature Derating Block Diagram 



The simultaneous equations are as given in 5. 1 through 5.6 to yield Equation 5.7 which gives the 
operational luminance as a function of temperature in Kelvin. 



Lop =^T^ 



=m298 + 6 



(Eq 5.1) 
(Eq 5.2) 



O.SLfj =m35S + b 



(Eq5.3) 



Subtracting Equation 5.3 from Equation 5.2 yields Equation 5.4. 



0.51;^ = -60m 



0.5L. 



m = — 



60 



60 



0.57. 



60 



^ + 3.48 



(Eq5.4) 
(Eq5.5) 

(Eq 5.6) 

(Eq 5.7) 



Equation 5.7 linearly decreases Lop from Ln @ 25°C to 0.5xLn @ 85°C. 



Equation 5.7 can now be used in conjunction to develop a new consumption rate (CR) formula 
and then solve for Luminance Degradation (LD). 



LD = \CRdt = \^- 



r Lop 250(0.l) 1 



1.968x10-' 



dt 



(Eq 5.8) 



Substituting Equation 5.7 into Equation 5.8 yields Equation 5.9. 



250(0.1) 1^ 



-o.sr. 



60 



^ + 3.48 



1.968x10" 



=298 + 60e 



''/o.\s 



(Eq 5.9) 



(Eq 5.A) 



Equation 5.A is a 20 minute decrease in temperature from 85C to 25C. 

- 0.5^298 + 60e '^'5 j 



250(0.l) f 



f. 



60 



+ 3.48 



^1 



(Vn S 



However as shown earlier, the last term and the leading constants can be curve fitted to provide 
Equation 5.C. 



- 0.5^298 + 60e 
60 



+ 3.48 



0.0047 + 0.5653e 



LD = - 0.5e"^ '5 Jo.0047 + 0.5653e"^ 



045 



dt 



(Eq 5.C) 



(Eq 5.D) 



LD = 1 0.0047 + 0.5653e"'^'">*5 - 0.5(0.0047>"'^ " - 0.5(0.5653>"^"e"^»**rff (Eq 5.E) 



ID = 0.0047C+- 



f— 1 

1, 0.045 j 



^.045 


t t 

0.5(0.0047>'^^5 


] 


0 




0 



LD = 0.0047/ - 0.0254e"'^«5 



+ 0.0003525e 



■ 0.5(0.5653)Je"'-° (Eq 5.F) 



' - 0.5(0.5653)Je"'^o^<i/ (Eq 5.G) 



LD = 0.0047/ + 0.0254|^1 - e"^-*** j - 0.0003525|^1 - e''^ " j - - 



28265e 



-A 



0346 



-1 



0.0346 



(Eq5.H) 



LD = 0.0047/ + 0.0254|^1 - e'-^^*^ j - 0.0003525|^1 - e'^ j - O.OOPsj^l - e"'^*'^ j (Eq 5.1) 

From Equation 6.8, one can see that the 1^ two terms are the luminance degradation calculated 
earlier. From lowering the luminance to V2 @ 85C, the last two terms show how much 
luminance degradation can be saved. Therefore assuming 3650 hot starts, the luminance saving 
is calculated per Equation 5.J. 



LDs^^ = 3650 X (0.0003525 + 0.0098) = 55.66M/J 



(Eq 5.J) 
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ljUininancc i/ecrease 


i^uniinBncc 
Decrease with 

1. viii|jcr2ti.urc 

Derating 




92 8 Nits 


37 14 Nits 


2500 hours @ 240 Nit 
Day Time Operation 


11.75 Nits 


11.75 Nits 


2500 hours @ 40 Nit 
Night Time Operation 


1.95 Nits 


1.95 Nits 


Total Luminance 
Decrease @ End of Life 


106.5 Nits (44% 
decrease) 


50.84 Nits (20% 
decrease) 



Table 5.1 



Table 5.1 shows that the luminance degradation has now been reduced to 20% which may make 
it acceptable for a segmented display. What is also important to remember is that the reduction 
for a segmented display will be better because the duty cycle is decreased. 
6.0 New OSRAM Spring Green Material 

OSRAM is developing a higher glass transition temperature fluorine based material called 
"Spring G reen". P lot 6. 1 show the life test data on 64 devices. 




The average life time is 400hours at 80C from a starting point of about 225 Nits. At 25C, the 
lifetime is longer than 20,000 hours. From this data, the luminance degradation can be 
recalculated, but a quick metric is to look at the decay rate. 

^ 225 - 100 ^ Q.mNitslHour (Spring Green) (Eq6.1) 
Hour 450 



This can be compared to the OSRAM yellow at about 



Nits 280-160 r^^M'. /u /V 11 X rc 

= 0,6Nits I Hour (Yellow) (Eq 6.2) 



Hour 200 

Therefore one would expect that the green material would decay less than Vz as much as the 
yellow material over the automotive life and would put it in the realm of useable for segmented 
displays. However, until the 20,000K+ hour number is known, the exact calculations cannot be 
done. 

7.0 Conclusions 

• This analysis shows that metrics should be obtained from each OLED vendor. These 
metrics consist of life testing data at two temperatures. From this data, the luminance 
degradation can be normalized for comparison between vendors and materials and can be 
used to estimated luminance degradation over the automotive life. 

• If temperature derating methods are utilized, the use of OLEDs becomes more plausible 
for segmented displays. The temperature derating method lowers the display luminance 
during the short periods of time during initial hot start up. DiflFerential aging is not as 
noticeable in segmented displays due to the black separation area between segments. 
More study is required in this area to determine the limit of acceptable differential aging 
for segmented displays. 

• The use of matrix displays for continuous use applications is not recommended at this 
time due to the differential aging problem especially at high temperatures. 



